Abstract: There are gaps in the understanding of soot formation during combustion, which are largely attributable to a limited ability to probe relevant particle parameters during formation. This talk will describe approaches to developing appropriate diagnostics.
Overview of soot formation and growth
The first steps in soot formation involve the transition of gas-phase hydrocarbon precursors (Figs. 1a and 1b) to physically or covalently bound complexes that are sufficiently stable and long-lived to initiate rapid heterogeneous nucleation and particle growth. The specific identities of these gas-phase precursor species are not known, but strong evidence links them to stable polycyclic aromatic hydrocarbons (PAHs) and their substituted, ionized, or radical counterparts [1] [2] [3] [4] [5] . These complexes are known as "incipient particles" (Fig. 1c) , and the search for their nucleation and growth mechanisms is a subject of active research. These incipient particles initiate further nucleation and particle growth by coalescence, generating liquid-like hydrocarbon particles, which eventually reach sizes in the range of 10-50 nm, known as "primary particles" [1, [5] [6] [7] . As these particles grow, they also lose hydrogen, solidify, and agglomerate into loosely bound clusters (Fig. 1d) . Under high-temperature conditions, they become graphitic, covalently bound aggregates with a dendritic structure (Fig. 1e) . Soot aggregate sizes, primary-particle sizes, and volume fractions grow as particles age in the flame [6, 7] . At high temperatures in the presence of oxygen, the aggregates fragment [8, 9] , and the primary-particle sizes and volume fractions decrease through oxidation (Fig. 1f) [6, 10] . There is a poor understanding of the mechanisms by which particles undergo these transitions and the parameters that influence them.
Diagnostics for studies of soot formation and evolution
As particles evolve in the combustor, their physical, chemical, and optical properties change. As they undergo dehydrogenation, they graphitize, and the fine structure of their carbon framework becomes more ordered. The graphite-crystallite size increases while the interlayer spacing decreases. The absorption cross section undergoes a bathochromic shift (i.e., to longer wavelengths) as the optical band gap decreases. The absorption and scattering cross sections both increase with an increase in soot particle maturity level. See Ref. [1] and references therein.
The goal is to develop diagnostics sensitive to these changes in soot particle characteristics in order to probe their evolution as a function of combustion conditions. The dependence of optical properties on particle characteristics can be exploited to accomplish this goal, but this approach requires a detailed understanding of such a dependence. In addition, because multiple parameters are generally changing simultaneously, optical measurements need to be coupled. Probing the entire evolution of soot particles in a combustor in sufficient detail to identify even simple chemical and physical mechanisms demands a wide range of techniques.
We have coupled multiple in situ and ex situ particle diagnostics to study the evolution of soot composition and fine structure, i.e., maturity level, in atmospheric laminar premixed and diffusion flames. We have used aerosol mass spectrometry using single-photon vacuum ultraviolet photoionization (VUV-AMS) to provide information about gas-phase precursors involved in incipient particle nucleation and availability of gas-phase species to adsorb to the particle surface during particle growth. We have used laser-induced incandescence (LII), coupled with laser extinction, to provide information about soot volume fraction and maturity level of the bulk primary particle, and Xray photoelectron spectroscopy (XPS) to provide complementary information about particle-surface maturity level [10] . XPS is sensitive to the chemical environment of atoms in a sample, providing measures of atomic composition, surface functional groups, and electronic structure, including carbon hybridization. At a photon energy of 1,253.6 eV, the mean electron escape depth in graphite is ~1-2 nm, making XPS particularly surface sensitive. This surface sensitivity is a good complement to the bulk sensitivity of LII. We have also used small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) to provide information about primary-particle size evolution.
Despite the success of some of these studies, there is a strong need for new diagnostics, particularly for in situ optical techniques. This talk will address some of the advantages and disadvantages of available techniques.
